Abstract Observations of surface seawater fugacity of carbon dioxide (fCO 2 ) and pH were collected over a period of several days at French Frigate Shoals (FFS) in the Northwestern Hawaiian Islands (NWHI) in order to gain an understanding of the natural spatiotemporal variability of the marine inorganic carbon system in a pristine coral reef ecosystem. These data show clear island-to-open ocean gradients in fCO 2 and total alkalinity that can be measured 10-20 km offshore, indicating that metabolic processes influence the CO 2 -carbonic acid system over large areas of ocean surrounding FFS and by implication the islands and atolls of the NWHI. The magnitude and extent of this spatial gradient may be driven by a combination of physical and biogeochemical processes including reef water residence time, hydrodynamic forcing of currents and tidal flow, and metabolic processes that occur both on the reef and within the lagoon.
Introduction
Coral reefs are one of the most productive and biologically diverse ecosystems on the planet. Despite covering less than 0.1% of the earth's surface (Smith 1978; Smith and Mackenzie 2016) , the economic value of coral reefs is an estimated 29.8 billion dollars & Andrea K. Kealoha andreake@tamu.edu annually (Cesar et al. 2003) . Approximately 655 million people live within 100 km of coral reefs, 91% of whom live in developing nations (Donner and Potere 2007) , and many of these people depend directly on reef resources for survival. Disruptions to these critically important ecosystems could have cascading effects for ocean ecology, economic stability and human health. One of the potential threats to coral reefs is ocean acidification (OA). OA refers to the oceanic absorption of anthropogenic carbon dioxide (CO 2 ) and the consequent decline in ocean pH (Caldeira and Wickett 2003; Feely et al. 2004) . Under the 'business as usual'' scenario RCP8.5, average open ocean surface seawater pH is expected to decline 0.33 units by the end of the twenty-first century (Bopp et al. 2013), and van Hooidonk et al. (2014) suggest that calcification at all reef locations worldwide will decline by 5% by the year 2034.
Although numerous experimental and field studies show that increasing CO 2 and decreasing aragonite saturation state (X ar ) lead to decreased coral calcification rates and increased dissolution rates of carbonate substrates, the predicted point in time at which an individual reef ecosystem will shift from net accretion to net dissolution varies across studies and ecosystems (Silverman et al. 2007; Ohde and van Woesik 1999; Langdon et al. 2000 Langdon et al. , 2003 Andersson et al. 2009; Shamberger et al. 2011; Shaw et al. 2012; Andersson et al. 2014) . While the global distribution of coral reefs is governed by light availability, temperature, nutrients and X ar (Kleypas et al. 1999) , at the local scale, the conditions that determine coral reef calcification, distribution and community composition are much more complicated. Coral reefs experience high rates of metabolic activity and calcification is influenced by hydrodynamics (e.g., circulation), geomorphology, light, temperature, nutrients and benthic composition (Grigg 1982; Bates et al. 2001; Suzuki and Kawahata 2003; Anthony et al. 2011; Albright et al. 2013; Falter et al. 2013) . Furthermore, the complex coupling between physical, chemical and biological dynamics can drive changes in the CO 2 -carbonic acid system over a diel cycle that are greater than the magnitude of change predicted by the year 2100 (Hofmann et al. 2011; Bopp et al. 2013) . Hence, distinguishing between natural variability and anthropogenically driven changes is difficult. Before considering the effects of anthropogenic influence on a system, an understanding of the natural environmental and biological processes that drive the spatial distribution and temporal variability of the inorganic carbon system in an ecosystem must be obtained.
Observing the natural variability of the CO 2 -carbonic acid system in the French Frigate Shoal (FFS) pristine coral reef ecosystem of the Papahānaumokuākea Marine National Monument (PMNM) provides an opportunity to gain insight into marine inorganic carbon dynamics of an ecosystem minimally impacted by direct human activities. The PMNM is characterized by high coral and fish endemism and exhibits a unique predator-dominated ecosystem structure observed in few places around the world (Friedlander and DeMartini 2002; Maragos et al. 2004; Kane et al. 2013) . However, in recent years, indirect effects of human activities have been identified as major threats to PMNM reef ecosystems (Selkoe et al. 2008) , including climate change and OA.
Few studies describing the distribution and variability of marine inorganic carbon in PMNM have been published. Sabine and Mackenzie (1995) examined the water column surrounding select atolls within the monument. Their results demonstrated an alkalinity surplus of roughly 10 lmol kg -1 from 0 to 1000 m depth, relative to alkalinity values expected for subtropical waters within the central North Pacific Subtropical Gyre (NPSG) (Millero et al. 1998; Dore et al. 2009; Takahashi et al. 2014) . The observed alkalinity surplus (i.e., ''the alkalinity halo'') was interpreted to be a consequence of the dissolution of soluble mainly biogenic magnesian calcite particles transitioning offshore from the atoll reefs and lagoons along the island slope. Thompson et al. (2014) analyzed a suite of water samples collected during 2009 and 2010 in waters surrounding the PMNM reefs in order to quantify the extent and magnitude of the alkalinity halo. In contrast, Thompson et al. (2014) found no evidence of an alkalinity halo and concluded that the halo was either an analytical artifact or a temporally variable feature. Kealoha et al. (2015) subsequently examined surface seawater pH and fugacity of carbon dioxide (fCO 2 ) throughout the archipelago using continuous underway sampling. These data showed decreases in surface seawater pH and increases in fCO 2 around atolls in PMNM waters and were interpreted as evidence for the impact of coral reef inorganic and organic metabolism on the carbon chemistry of surface seawaters in and around these atolls. In order to gain a more thorough understanding of the impact of reef metabolism on the surface seawaters surrounding the archipelago, we present pH and fCO 2 measurements collected around French Frigate Shoals atoll, located in the Northwestern Hawaiian Island (NWHI) chain, via an underwaysampling system at high temporal and spatial resolution.
Environmental Setting
An evaluation of the CO 2 -carbonic acid system in PMNM coastal waters was based on measurements collected at FFS (23°46 0 N, 166°12 0 W), a high-latitude reef located at the southern end of the NWHI archipelago. FFS is the largest atoll in the island chain with over 930 km 2 of coral reef habitat (Friedlander et al. 2009 ). The open atoll has a crescentshaped reef structure on the northwest of the submerged island that feeds into a large lagoon with a mean depth of 42 m. Benthic habitat composition within the lagoon is classified mostly as sand and rubble, with patches of reef and coralline algae. On the eastern boundary, there are numerous low, sandy inlets and a well-developed reef. Winds are predominantly northeasterly trades, which drive open ocean water over the windward reefs and into the lagoon. The western boundary is relatively open to the surrounding ocean and consists of patch reefs. Beyond the lagoon on the leeward side, the bathymetric slope increases rapidly with distance from the atoll. FFS contains the highest coral species richness in PMNM, which reflects optimal conditions for coral growth including low wave exposure, temperatures that range from 23°C in the winter to 27°C in the summer, and a protected lagoon environment (Friedlander et al. 2009 ).
Methodology
Continuous measurements of atmospheric and surface seawater CO 2 were collected with a General Oceanics Model 8050 Underway pCO 2 system with a LI-COR, Inc. 7000 Infrared Gas (CO 2 /H 2 O) Analyzer (IRGA) aboard the NOAA Ship Hi'ialakai according to the methods and quality control procedures described in Pierrot et al. (2009) . The IRGA is calibrated using four CO 2 gas standards (range = 200-450 ppm) in order to verify an accuracy and precision of within ±2 ppm. Sea surface temperature (SST) was determined using a SBE (Sea-Bird Electronic) 38 located at the intake port, 5 m below the sea surface. Sea surface salinity was measured by a SBE 21, and oxygen was measured using an Aanderaa Optode 4330F, corrected for the influences of temperature and salinity. Both the salinity and oxygen sensors were located in the ship's wet laboratory. In order to calculate CO 2 fugacity, temperature and pressure of the equilibrator, water vapor pressure and atmospheric pressure were obtained. Meteorological data were obtained from the National Oceanographic Data Center (NODC) (http://www.nodc.noaa.gov/access/ Accession number: 0104266). Although surface currents were measured with the ship's Acoustic Doppler Current Profiler (ADCP), the ADCP was programmed to collect data only when the ship was in greater than 50 m of water. Hence, many of the measurements we have within the lagoon, which has a water depth primarily of less than 50 m, do not have coinciding surface current measurements.
Underway surface seawater pH was computed using the voltage output of a DuraFET III (Honeywell, Inc) electrode and an average calibration constant (i.e., standard electrode potential) based on the spectrophotometric pH of 17 discrete samples corrected to in situ temperature. Experimental results indicate the DuraFET can operate with a short-term precision of ±0.0005 over several hours and a stability of ±0.005 over weeks to months (Martz et al. 2010; Bresnahan et al. 2014) . Calibration samples were collected into borosilicate glass bottles, poisoned with 0.02% volume of saturated mercuric chloride and sealed with Apiezon grease (Dickson et al. 2007) . pH samples were analyzed in the laboratory as soon as the bottle was opened using a Lambda EZ210 spectrophotometer equipped with a temperature-controlled sample chamber (Clayton and Byrne 1993) and purified m-cresol purple dye (Liu et al. 2011 ) at 25°C. All pH data are reported on the total scale.
Since certified reference materials (CRMs) for pH were not available, pH was calculated from the total alkalinity (TA) and dissolved inorganic carbon (DIC) values of CRMs provided by Dickson (Scripps Institution of Oceanography) using CO 2 SYS (Pierrot et al. 2006 ) and the equilibrium constants of Mehrbach et al. (1973) refit on the total pH scale, which includes the dissociation of bisulfate, by Dickson and Millero (1987) . Based on the offset between the calculated pH from CRMs and our discrete samples, the mean difference was 0.006 ± 0.003 (mean ± SD). The reproducibility of the discrete pH samples, based on 33 sets of duplicates, was 0.0002 ± 0.007. In order to verify the precision of the pH electrode, the differences between each electrode measurement taken every 2 min over a 12-h period were calculated. These pairs were assumed to be representative of duplicates since the measurements were taken in the open ocean while transiting between islands. The mean difference for the pH electrode duplicates was ±0.0006, which is consistent with the findings of Martz et al. (2010) .
In order to assess the impact of inorganic metabolism (calcification/dissolution) on waters surrounding FFS, TA and DIC were calculated from fCO 2 and pH. However, there are potentially large errors associated with this calculation (Dickson and Riley 1978; Millero 2007; Cullison Gray et al. 2011) . A precision of ±2 latm for fCO 2 and ±0.0006 for the pH sensor generates a DIC reproducibility of ±12 lmol kg -1 , with similar results for TA. The uncertainty (e.g., accuracy) in the fCO 2 and spectrophotometric pH measurements (±0.006) used to calibrate the electrode may produce a ±30-50 lmol kg -1 uncertainty in TA and DIC. Hence, the error in the accuracy of pH and fCO 2 may shift the entire set of TA and DIC values higher or lower relative to the true values. However, the precision of the measurements is reasonable and therefore produces reliable trends. The uncertainties in our pH and fCO 2 measurements are propagated through the calculation for TA and DIC and the error is therefore reflected in the TA: DIC ratio. Despite the potential error in the calculation, we then used the ratio between TA, normalized to a salinity of 35 (nTA), and salinity-normalized DIC (nDIC) to evaluate the relationship between inorganic and organic coral reef metabolism. These measurements were collected over 1000 km 2 of ocean surface that include waters within the lagoon and the open ocean, while the ship was navigated in and around FFS in support of a number of research objectives. Given the location and large area over which these measurements were obtained, they are not strictly representative of metabolic processes that occur over the reef. Rather, they encompass modifications in seawater inorganic carbon chemistry induced by physical (e.g., mixing, currents and tides) and biogeochemical processes that occurred in upstream habitats and throughout the ecosystem. These observations are neither strictly Eulerian or Lagrangian in nature, which makes it difficult to determine the origin of water parcels and the transit times to a particular sampling location. Furthermore, because the ship steamed in open ocean waters at night, these measurements probably do not encompass the full range of diel patterns produced by metabolic processes over the reef and lagoon. In order to interpret these observations, we have examined our data in terms of change through time and change over space. Although disentangling spatially driven trends from temporally driven trends in this dataset is difficult, we provide the first description of the surface seawater CO 2 -carbonic acid system dynamics in and around FFS.
Approximately 4 days (7/7-7/10) were spent at FFS during July 2012 (Fig. 1 ). All surface seawater measurements collected within 40 km of the 50-m depth contour were included in this analysis. Distance (km) from the 50-m depth contour surrounding the atoll was used as an indicator of the ship's position relative to the reef ecosystem. Positive values were assigned to distances inside the 50-m depth contour, and negative values were assigned to distances outside the 50-m depth contour. The ship typically remained inside the 50-m depth contour from 6:00 to 18:00 and outside the 50-m depth contour from 18:00 to 6:00. On days two and three, the ship sampled within the lagoon near the center of the atoll, whereas day four of operations was conducted on the northwest side of the atoll. The ship arrived at FFS the night of July 7th. Underway sample collection on July 8th and 9th was conducted in the lee of the forereef, whereas sampling on July 10th was conducted on the northwest corner of the atoll (Fig. 1) . The northwest corner of FFS is exposed to open ocean water moving past the atoll, possibly confounding the signal contributed by coral reef metabolism. The data collected on July 7th before the ship arrived at FFS and the data collected over the northwest corner of the atoll on July 10th therefore are not included in the discussion section.
Results
All physical and biogeochemical parameters including temperature, salinity, oxygen, pH and fCO 2 , displayed greater variability within the 50-m depth contour. Temperature and salinity ranged from *25.6 to 26.2°C and * 35.8-36.0, respectively, with higher values generally observed inside the atoll (i.e., inside the 50-m contour) (Fig. 2) . Oxygen (range = 6.11-7.93 mg L -1 ) was lower in the mornings when the ship entered the atoll and increased throughout day. Outside the atoll (i.e., outside the 50-m contour) at night, oxygen was higher and less variable. CO 2 fugacity varied between 380 and 440 latm and was generally higher inside the lagoon, and lower and less variable outside the atoll (Fig. 3) . pH ranged between 7.99-8.05 and was consistently lower inside the atoll. Measurements of low oxygen and pH, and high fCO 2 inside the atoll in the mornings are consistent with increased respiration and remineralization of organic matter, and likely a residual product of nighttime processes (see Sect. 5). In order to assess quantitatively the variability of the pH and fCO 2 measurements, we calculated the coefficient of variation (CV) for these variables both inside and outside of the atoll. As expected, pH and fCO 2 Fig. 2 Temperature (a), salinity (b) and oxygen saturation (c) in red over 4 days at FFS during July 2012. The secondary y-axis indicates the measurement location in relation to the 50-m depth contour where distances greater than 0 km are inside the 50-m depth contour (i.e., inside the atoll) and distances less than 0 km are outside the 50-m depth contour (i.e., outside the atoll). The track of the ship in relation to the 50-m contour is show in black show 60 and 40% more variability, respectively, inside the atoll relative to the open ocean. Furthermore, if we hold TA and DIC constant and introduce the variability in temperature (0.6°C) and salinity (0.2 ppt), fCO 2 changes by approximately 10 latm and pH by *0.01 units. Hence, 80% of the variability in fCO 2 and 98% of the variability in pH can be attributed to metabolic and mixing processes.
Discussion
Under the narrow ranges of temperature and salinity (Fig. 2) that we see during this study, the variability in fCO 2 and pH inside the atoll (Fig. 3) is a clear indication that metabolic processes are altering the carbonate chemistry of the surface seawater. However, fCO 2 and pH are influenced by both inorganic (calcification/dissolution) and organic (photosynthesis/respiration) metabolism as well as air-sea exchange, whereas alkalinity primarily reflects calcification and carbonate dissolution. In the following sections, we use calculated TA and DIC to illustrate spatial trends in marine inorganic carbon chemistry, as well as characterize the relative impact of inorganic and organic metabolism on this chemistry, in waters at FFS.
Spatial scale impact of reef inorganic metabolism
There exists a remarkably conspicuous oscillation in nTA (Fig. 4) of waters within FFS lagoon and outside, encompassing an area of 300 km 2 , indicating that metabolic and physical processes influence the chemistry of surface seawater at considerable distances from the atoll. These measurements show that nTA increases from 6:00 to 18:00 and decreases from 18:00 to 6:00 (Fig. 4) . It is well established that for carbonate ecosystems, calcification decreases TA during the day and carbonate dissolution increases TA at night (2017) 23:75-88 81 (e.g., Shamberger et al. 2011; Shaw et al. 2012; Albright et al. 2013) , and hence this oscillation clearly does not represent the in situ diel calcification/dissolution signal generated over the reef flat. These underway data were collected roughly 8-10 km downwind from the forereef during the day and 20 km downwind at night. Therefore, the chemical signals being measured result from a combination of the biogeochemical and physical processes occurring at FFS. These processes may include advection of water containing the signature of upstream reef metabolism, dissolution of carbonate minerals within the lagoon, which is driven by in situ respiration and remineralization of organic matter, and mixing induced by tides and currents. Given the complicated nature of this dataset, we are not able to separate the temporal and spatial components within this trend. Rather, we wish to emphasize the magnitude of the nTA oscillation and the large extent of area (hundreds of square kilometers of reef, lagoon and open ocean) that experiences both high (?120 lmol kg
) and low (-150 lmol kg ) alkalinity relative to the stable nTA values found in the NPSG (Millero et al. 1998; Key et al. 2004) .
Clear island-to-open ocean gradients were observed in nTA as the research vessel moved closer to and farther from the FFS reef flat over two consecutive days. Alkalinity was depleted nearshore by approximately 150 lmol kg -1 , increased to an excess of 120 lmol kg -1 near the 50-m depth contour, then remained relatively constant 10-20 km outside the 50-m depth contour (Fig. 5) . Since nTA values observed at maximum distances from the island are roughly equal to the 2002-2012 average surface TA, normalized to a salinity of 35 ppt, at Station ALOHA of *2305 ± 4 lmol kg -1 (http://hahana.soest. hawaii.edu/hot/hot-dogs/), we are confident that our calculated nTA is representative of the actual nTA within the estimated accuracy of 30-50 lmol kg -1 . Fig. 4 Five-point mean average of nTA over 2 days at FFS during July 2012. nTA is calculated from pCO 2 and pH measured every 2 min in the surface waters within 40 km of the 50-m depth contour. The color of each individual measurement represents the location of that sample with respect to distance from the 50-m depth contour. Negative distances are outside the 50-m depth contour and positive distances are inside the 50-m depth contour On both days, elevated nTA (Fig. 5 ) and elevated fCO 2 values (Fig. 3) were observed in surface waters over the island slope. Interestingly, this feature was observed in the evenings (blue symbols in Fig. 5 ) when transiting into deep water, but was absent in the mornings when transiting into the atoll. There are several processes that may produce this alkalinity surplus, which may be the same feature previously referred to as the ''alkalinity halo'' (Sabine and Mackenzie 1995; Thompson et al. 2014) . As previously discussed, in situ respiration and remineralization of organic matter within the lagoon may drive dissolution, or water parcels containing the signature of nighttime metabolic processes (i.e., respiration and dissolution) over the reef may have been advected to this location. Reef and lagoon waters are subsequently influenced by tides, horizontal mixing, and potentially, topographically induced vertical mixing, which has been observed along the Hawaiian Ridge (Garrett 2003; Martin and Rudnick 2007) . Hence, through these physical processes, the dissolution signal may have been mixed out by the morning. While we are unable to pinpoint the specific physical and biogeochemical process(es) that produce the dissolution signal, our measurements suggest that this feature is temporally variable and during the time of our field work, occurred in the evenings, and along the island slope.
TA: DIC Relationship
The coupling between coral reef organic and inorganic metabolism is well established. Photosynthesis during the day consumes DIC and increases X ar , which promotes calcification that depletes TA (Suzuki et al. 1995; Ohde and van Woesik 1999; Bates et al. 2010; Shamberger et al. 2011; Lantz et al. 2013) . At night, respiration produces CO 2 , decreases X ar , and calcification often slows, with some benthic communities experiencing net dissolution Halley 2003, 2006; Andersson and Gledhill 2013; Eyre et al. 2014) . The impact of these processes on the variability in the parameters of the CO 2 -carbonic acid system depends on a number of environmental factors including geographic location, seasonal and daily trends in temperature and light availability, hydrodynamic forcing and nutrients (Suzuki et al. 1995; Andersson et al. 2005; Bates et al. 2010; Drupp et al. 2011 Drupp et al. , 2013 Falter et al. 2012; Zhang et al. 2012; Yeakel et al. 2015) . Furthermore, community composition upstream of a particular reef environment can alter seawater chemistry and complicate the interpretation of research results in downstream habitats Kleypas et al. 2011 ).
The DTA: DDIC relationship reflects the balance between net ecosystem calcification (NEC) and net primary production (NPP) (Gattuso et al. 1996; Watanabe et al. 2006; Andersson and Gledhill 2013; Lantz et al. 2013; Mackenzie and Andersson 2013) . If TA and DIC decrease at a rate greater than one, calcification exceeds primary production and if TA and DIC decrease at a rate less than one, primary production exceeds calcification. Although this relationship is shown to be independent of external environmental forcings such as solar irradiance and residence time of water, it varies in response to changes in ecosystem function. For example, OA, coral bleaching, and eutrophication may induce a shift from coral to algal-dominated reefs, processes that will decrease calcification, increase primary production, and decrease the slope of TA versus DIC. Therefore, the DTA: DDIC ratio has been proposed as a simple tool for monitoring coral reef health, particularly in response to OA (Andersson and Gledhill 2013; Lantz et al. 2013) . The rate of change in TA relative to DIC over time (also called the slope or reaction pathway) is typically slightly less than or near one, where photosynthesis and respiration are the prevalent controls on variations in X ar (Massaro et al. 2012; Andersson and Gledhill 2013) .
The normalized DTA: DDIC ratio measured inside the 50-m depth contour over 2 days at FFS exhibits a dominant slope of *1.04 (Fig. 6 ). This is close to the TA: DIC ratio observed at other coral reefs (Massaro et al. 2012; Andersson and Gledhill 2013) . The chemical reactions that lead to the 1:1 slope are:
Property-property plots of nDIC and nTA calculated from the pH-pCO 2 pair. These data were collected during July 2012 and are all inside the 50-m depth contour. a nTA and nDIC where colors represent distance and contour lines represent X ar . A distance of 0 km represents data collected on the 50-m depth contour and greater distances represent measurements collected further inside the atoll. b nTA and nDIC where colors represent sea-air CO 2 and contour lines represent fCO 2 and c nTA and nDIC where colors represent oxygen concentration Organic metabolism :
where inorganic and organic metabolism are generally balanced, producing little variations in X ar . In the morning (*6:00), as the ship approaches its closest position to the reef (8 km inside the 50-m depth contour), nTA and nDIC are depleted relative to the open ocean (Fig. 6a) . pH decreases (Fig. 3) , fCO 2 increases (Figs. 3, 6b) , there is an additional input of DIC (Fig. 6 ) and oxygen decreases (Fig. 6c) . These patterns persist until at least mid-day and are consistent with heterotrophy. Perhaps these patterns are remnants of nighttime respiration that occurred over the reef. Since oxygen remains low for the first half of the day, there may be an additional remineralization of organic matter within the lagoon system. Most lagoons are slightly net heterotrophic (Kinsey 1979) , although Atkinson and Grigg (1984) measured a P/R (photosynthesis/respiration) ratio of 1.06 in the summer at FFS. However, Atkinson and Grigg (1984) do postulate their estimated P/R may have been too high. Clearly, there is spatial heterogeneity and mixing of different water masses, which is evident in the patchiness and fluctuations in the chemical parameters we have measured. Mixing is likely induced by wind-driven currents, the tidal cycle, or some combination of both.
Conclusion
In spite of the spatial and temporal complexities associated with this dataset, a number of important features and trends emerged. Clearly, the use of an underway system with continuous sampling for fCO 2 coupled with the highly precise Honeywell DuraFET electrode provides data useful for observing CO 2 -carbonic acid system dynamics of coral reef ecosystems over large spatial scales. Our fCO 2 and pH measurements reflect the impact of reef metabolism on the surface seawater inorganic carbon system up to 10-20 km outside the 50-m depth contour and demonstrate that this metabolism can either elevate or depress alkalinity values over large areas of the ocean adjacent to coral reefs and probably other carbonate systems. This observation supports the finding of Sabine and Mackenzie (1995) for an alkalinity halo in and around NWHI atolls and the hypothesis of Thompson et al. (2014) that the differences in the magnitude of the alkalinity halo are a result of temporal variability, perhaps driven by hydrodynamic forcings (e.g., circulation and mixing), temporal trends in reef metabolism and/or net heterotrophy within the lagoon system.
